Abstract-Achieving a high yield of detector grade CdZnTe single crystals is one of the greatest challenges in CdZnTe crystal growth. Over 85, 3.5-4 inch long CdZnTe crystals were grown in a 43 zone modified low pressure Vertical Bridgman ElectroDynamic Gradient (EDG) Freeze 3 in. Mellen Sunfire furnace. The diameter of the grown ingots has been increased using a new Electro-Dynamic Gradient (EDG) Freeze 4 in. Mellen Sunfire Platinum coil furnace to visualize the effects of increased ampoule diameter on the grain structure and spectroscopic properties of CdZnTe. The reproducibility of detector grade crystals using the 4 in. furnace is discussed and some properties of the fabricated detectors are presented.
I. INTRODUCTION
VER the last few decades CdZnTe has emerged as a novel material for detection of soft Ȗ-rays and hard X-rays at room temperature with high detection efficiency and sharp energy resolution. Due to the high material density (5.78 g/cm 3 ), average atomic number (49.1) and wide band gap (1.57 eV with 10% Zinc) [1] , CdZnTe has high stopping power and low thermal noise which makes it an excellent choice as a nuclear detector at room temperature. Its high photorefractive coefficient and IR transmittance makes CdZnTe an excellent substrate for IR windows in IR cameras and devices. Stable and linear detection, operability at body temperature and high spatial resolution allows CdZnTe to be used in Digital Radiography and Nuclear Medicine detectors [2] .
Due to thermal and physical properties of CdZnTe, it is extremely difficult to control the liquid-solid growth interface and maintain a desired stoichiometric composition. The stoichiometry of the CdTe solidus is severely asymmetric [3] . As a consequence it is very difficult to maintain a particular composition with accuracy. The segregation coefficient of zinc in CdZnTe varies from 1.16 to 1.35 (i.e. >1) [4] which results in inhomogeneous distribution of Zinc in both axial and radial directions. Higher ionicity results in easier formation of vacancies [5] and dislocations. The homogeneity of the crystal not only depends on the crystallization process but also the processes that occur in the melt. According to calorimetric studies [6] full entropy is not generated during the melting which suggests that the melt is not completely disordered. Due to this short range ordering at low superheating values no supercooling occurs. Only after a critical superheating value of about 9-10K supercooling becomes considerable [7] [8] [9] . Lower superheating results in better crystal structure at the tip of the ingot.
Many growth techniques have been speculated and tried including stoichiometric and non-stoichiometric environments using Horizontal or Vertical Bridgman method , High Pressure Bridgman (HPB) , Traveling -heater method (THM) etc. Over 85 CdZnTe crystals were successfully grown using Modified Vertical Bridgman Electro-Dynamic Gradient (EDG) Freeze technique. The crystals were of 2.5 in. diameter and about 3.5 in. tall. A new furnace has been set up to grow crystals of 3.4 in. diameter expecting a cost effective high yield production of detector grade CdZnTe material. To perform as a successful detector, CdZnTe should have several crucial properties. The resistivity of the material should be high enough (typically in 10 10 ohm-cm range) to apply bias voltage so that the charge carriers can overcome the depletion region. The mobility of the carriers should be high enough for active charge collection. Except these the crystal should be free from stacking defects, Te secondary phases and dislocations. The details of the experiment and the comparison of spectroscopic properties as well as defects with the previous 3 in. crystals will be demonstrated in this paper.
II. EXPERIMENTAL SET UP
The 4in. Electro-Dynamic Gradient (EDG) Freeze Mellen Sunfire Platinum furnace is affixed to an Aluminum fixture which allows the furnace to rotate 360° along its diameter. A stepper motor manufactured by SKF actuation system helps in moving the furnace at a constant speed of 5mm/sec vertically. It makes the system user friendly while loading or unloading the ampoule. The whole set up is enclosed in a cubicle of dimensions 7ft. x 6ft. x 9ft. The furnace, power cabinet and feedback control system were devised and assembled by Mellen Company, Concord, NH.
The furnace has a total of 43 controllable heating sections. The zones are classified into two categories single coil zones and quadrant zones. Thickness of each zone is different as shown in Fig. 1 The temperature output from the S type thermocouples advances to the 5B37 modules which are single channel signal conditioning modules that amplify the thermocouple output voltage. All of these analog values are conveyed to three 32 channel analog multiplexer board, CIO-EXP32, where 16 channels are multiplexed at each bank. An on-board semiconductor sensor provides the cold junction compensation (CJC) reference. Each CIO-EXP32 board is powered externally using a 5V DC supply. Each board yields three outputs i.e. multiplexed signals from two banks and the CJC signal which goes to the computer analog input board installed into an ISA bus slot. Any feedback and control to the system is directed from Mellen D/A64-PC analog output board to the power supply which accordingly changes the output voltage to the platinum coils. Mellen ADAPT furnace control system software is used to control the temperature setpoints which provides continuous control and feedback, Fig.2 . The power supply controls the power to each heating element in the furnace using solid state relays SVDA 3V25 where load current is conducted by a SCR. An alarm system is hooked up with the total system which is triggered whenever there is a deviation from the preset parameters.
III. CHARGE PREPARATION AND GROWTH
The CdZnTe charge is composed of precompounded CdTe (6N5 purity), Zn shot (6N purity) and Te shot (6N purity) are used in proper proportions along with dopants and co- dopants for compensation which helps in maintaining and improving the properties of the detector. 10% Zinc was added for all charges. Precompounded ZnTe and CdTe (both 6N5 purity) was used for the Pt02 charge. For Pt04 charge excess Te of 10% by weight was added. Excess Te (.3 to 10% by weight) is added to the charge, which decreases the melting temperature of the charge and prevents formation of any excess Cadmium related defects. Though it increases the supercooling ( for a particular superheating value) [10] , resulting in more nucleation sites and worse grain structure, it has been shown that it dramatically improves the spectroscopic properties of CdZnTe [11] [12] [13] . Excess Te also introduces deep intrinsic defects which could be compensated using a balanced doping scheme. The entire charge preparation procedure is done in a clean. The charge is then put in a GE224 quartz ampoule with pyrolitic coated graphite. An etched end cap is then placed and the ampoule is sealed at a pressure of approximately 10 -8 Torr. A comparison of temperature profile followed during the growth is shown in the Fig. 3 . Vertical temperature gradients of 50°C and 100°C were applied after the melt growth to Pt01 and Pt02 in order to migrate Te inclusions and precipitates towards the heel region of the. Pt03 was grown at a rate of 0.55mm/hr, with an imposed gradient of 50°C/in. and was quenched during cooldown. Argon gas was flown through the furnace to reduce devitrification of quartz ampoules. The properties and grain structure of the crystals mentioned above will be compared with the 3in. furnace crystals grown in similar conditions. IV. COMPARISON BETWEEN THE 3IN. AND 
A. Crystal Structure:
Modified Bridgman grown CdZnTe ingot mainly consists of single crystals, grain boundaries and twin boundaries. Due to higher supercooling at the tip of the ampoule, generally in Modified Vertical Bridgman method, grain structure at the tip is worst. The grain structure is contingent upon imposed thermal conditions and material properties. The biggest single crystal cube cut from any ingot from the 3in. furnace were two 20 mm x 20 mm x 20 mm cubes whereas four such cubes can be cut from a chosen 4in. furnace grown crystal (Fig. 5) . Shown in the Fig.4 are the typical grain structures of the 3 in. and 4 in. furnace for a growth under similar conditions. It is discernible that two big grains run through the whole ingot providing a high yield of single crystal from the 4in. furnace. The tip is also shown in the Fig. 5 which enables us to visualize that there are exiguous grains signifying fewer nucleation sites. It is an enormous step for optimizing the single crystal yield from a particular growth in a cost effective way. Although in one of the growths, a series of voids ( fig. 4) were observed along the axis of the crystal. This may have happened because the rate of growth was too high and due to its large diameter the thermal convection was not ample for adequate mixing. The power output of the 4in. furnace is 25% higher than the 3 in. furnace. The effects of which includes higher precision in temperature control, ability to impose bigger temperature gradients and better control on the crystal growth. 
B. Current-Voltage characterization:
CdZnTe samples of dimensions 10mm x 10mm x 3mm are cut from single crystal regions using a diamond wire saw. As the scattering of light is dependent on the crystallographic orientation of the CdZnTe grains, recognizing clean single crystal region is straightforward. As samples with grain boundaries have high electron trapping cross sections, these exhibits imperfect detector properties [14, 15] . The samples are then mechanically polished using water based Alumina particle suspension to remove surface damage which degrade the properties of a detector. Gold contacts are sputtered on opposite faces of the polished sample. The planar detectors were tested for their I-V characteristics and bulk resistivity was calculated. Average bulk resistivity value of samples from the 4 in. furnace was 2.6 x 10 10 ȍcm compared to 2.1 x 10 10 ȍcm which is the value for 3 in. furnace samples. The leakage current of the sample (1.48mm thick) with maximum bulk resistivity of 3.85 x 10 10 ȍcm was 4.5 nA when 100 Volts bias was applied (Fig. 6) . It is conspicuous that crystals grown in both the furnaces have comparable bulk resistivity and hence high bias voltages could be applied to collect the charge carriers. 
C. Radiation spectrum analysis:
A Multi-Channel Analyzer is used for spectroscopic analysis of various sources using CdZnTe. The set up of the experiment is shown in the Fig. 7 . The planar detectors are connected to eV550 preamplifier using a sample holder with a beryllium window. The source is kept at a distance of 14 mm parallel to the sample. A bias voltage is applied to the sample using a Keithley high voltage source . The pulser connected to the system generates a reference pulse which is compared to the voltage pulses from the preamplifier to obtain information about the incoming radiation and background noise. Canberra Genie 2K software is used to monitor and analyze the data received from the Tennellec TC 244 shaping amplifier via Canberra 8713 analog to digital converter. The Peak to Valley ratio of the 122KeV peak from Co-57 gamma radiation spectrum of a 4 in. furnace grown planar detector shown in the Fig. 8 is 3 .14 with a resolution of about 7.1% . Another detector grown in the 3in. furnace under similar conditions has a resolution of 12% with a peak to valley ratio is 2.58.The visibility of the 14 keV low energy peak depends on the background noise engendered from poor surface quality, the electrical circuit and connections , charge trapping centers etc. 14keV peaks are visible in both the cases ( fig. 8) as the samples are fully depleted. Average peak to valley ratio for the 4 in. furnace is 2.3 compared to 1.8 for the 3 in. furnace. For 59.5keV gamma rays the 4 in. furnace and 3 in. furnace planar detectors has a Peak-to-Valley ratios of 20.66 and 28.5 respectively. The resolution of the 3 in. furnace cube is 6.5% whereas the resolution of the 4 in. furnace cube is 6.3%.The standard deviation on the other hand is 0.9% for the 4 in. furnace which shows that 4 in. furnace crystals are more uniform (Fig. 9) . 
D. Mobility-Lifetime product Analysis:
Mobility-lifetime product (μĲ) value reflects the potential device thickness, uniformity and efficiency of the charge carriers in the radiation detection process. The larger the μĲ product of the charge carriers the better would be the spectroscopic properties of the detector. For the planar detectors, μĲ values of electrons were established from Hecht relation [16] , after neglecting hole contribution,
where Q 0 and Q are the total initial charge generated by the incoming radiation and the collected charge respectively, E is the applied electric field across the detectors, D is the thickness of the planar detector. In a conventional planar detector both electrons and holes contribute to the induced charge, but due to low mobility and high trapping cross section of holes ( which also causes the tailing in the radiation Fig. 9 . 57Co Spectra of a 4x4 pixilated detector from 3 in. and 4 in. furnaces respectively. Narrow distribution displays uniformity of 4 in. furnace crystals.
peaks), they are considered to be poor carriers. To neglect hole contribution in a planar device and use the Hecht relation, an excitation energy was chosen to interact near the cathode end of the device.
The collected charge (peak centroid) can be plotted against the applied electric field will give us the μĲ. The carrier generation statistics, electronic noise, non uniform charge trapping by intrinsic defects, scattering from Tellurium inclusions and other structural anomalies, Schottky barrier between the gold contact and CdZnTe, ADC linearity and detector surface conditions are some of the factors influencing the charge collection (value of Q ) and hence the μĲ value. For the pixilated cubes a contemporary approach was used [17] in which centroids (N1,N2) measured at two different voltages(V1,V2) gives us the μĲ values using the equation,
The comparison of the μ e Ĳ e values at 3μsec shaping time and different excitation energies are compared in table I. It is evident that the detectors have comparable μ e Ĳ e for both low energy and high energy radiation sources. At room temperature without any electronic correction these values show promising carrier properties as a detector. μ e Ĳ e values as high as 1x10 -2 cm 2 /V have been achieved at 3 μsec shaping time with a 3 in. furnace detector (Fig. 10) . Though this kind of high value hasn't yet been achieved using the 4 in. furnace crystals, the 10 -3 range μ e Ĳ e values depicted by the 4 in. furnace planar detectors proves that the reproducibility of crystals with good spectroscopic properties is definitely possible. The variation of μ e Ĳ e values from the pixilated detector in the radial direction is of the order of 0.05x10 -3 cm 2 /V proving the uniformity of the crystal. Although when the μ e Ĳ e values are compared among the detectors made from different axial positions of the ingot, a noticeable variation is observed accounted by an increase in Te secondary phases and non uniformity in crystal structure near the heel. Also, the concentration of undesired impurities, dopants and zinc [18] are inhomogeneously distributed along the length of the crystal depending on their segregation coefficient.
E. Defect Analysis :
The most consequential native defects in CdZnTe crystals are Te precipitates and inclusions. Precipitates are formed via solid state diffusion in the solid CdZnTe matrix during the cooldown due to retrograde solubility of excess Te in the nonstoichiometric solid composition. Whereas, inclusions are formed by capture of excess liquid Te droplets at the solidliquid growth interface with morphological instabilities. Typically, the size of Te precipitates and inclusions in CdZnTe are in 10-30nm and 1-50μm range respectively [19] . Table I Though a volume percent as low as 0.0004% has been achieved with a 2mm thick 3 in. furnace planar detector but with the 4 in. furnace the minimum volume percent of Te inclusions achieved is 0.002% (Fig. 11) .This fact accounts for not attaining 10 -2 cm 2 /V range μĲ values from the planar detectors prepared with 4 in. furnace crystals. The average values of secondary phases from both furnaces are 5.5 x10 -3 % and 4.0 x10 -3 % from 3 in. and 4 in. furnace respectively. Impurities also affect the spectroscopic quality of the detectors. They may introduce deep (Ti, Fe, V, Ni) or shallow (Au, Cu, Ag, Pb, Cr, Co) energy levels, thereby trapping more of the charge carriers causing poor resolution and low μ e Ĳ e . The impurity gettering effect of Te inclusions generates high local concentration of trapping centers which worsen the detectors [20] .Impurities like Na decreases the resistivity of the CZT detectors which results in failure to use it as a radiation detector. Samples from different sections of the ingot were tested for impurities using Glow Discharge Mass Spectroscopy (GDMS) by National Research Council, Canada. In the 4in. furnace growths we managed to reduce the amount of total impurities (excluding dopants and C, N, O) to 100 ppb which is comparable to the minimum value (88 ppb ) of 3in. furnace. 
V. CONCLUSION:
The 4 in. furnace provides a higher power output resulting in uniform and precise thermal gradients which in turn leads to a better crystal structure. As a result, the single crystal detector grade CdZnTe yield from the 4 in. furnace is considerably higher. The detection properties of the samples were comparable to the 3 in. furnace samples. With high purity charge material, proper electronic compensation and suitable temperature profile, it is therefore possible to get a high yield of detector grade crystals in a 4 in. EDG Modified Vertical Bridgman Furnace. Our future goals involve growing crystals with reduced secondary phases and higher Mobility-Lifetime product values.
